The primary photochemistry of Fe-depleted and Zn-reconstituted reaction centers from Rhodopseudomonas sphaeroides R-26.1 was studied by transient absorption spectroscopy and compared with native, Fe2+-containing reaction centers. Excitation of metal-free reaction centers with 30-ps flashes produced the initial charge-separated state P+I-(P+BPh-, where P is the primary donor and BPh is bacteriopheophytin) with a yield and visible/near-infrared absorption difference spectrum indistinguishable from that observed in native reaction centers. However, the lifetime of P+I-was found to increase approximately 20-fold to 4.2 ± 0.3 ns (compared to 205 ps in native reaction centers), and the yield of formation of the subsequent state P+Q-(QA is the primary quinone acceptor) was reduced to 47 ± 5% (compared to essentially 100% in native reaction centers). The remaining 53% of the metal-free reaction centers were found to undergo charge recombination during the P+I-lifetime to yield both the ground state (28 ± 5%) and the triplet state PR (25 ± 5%). Reconstitution of Fe-depleted reaction centers with Zn2+ restored the "native" photochemistry. Possible mechanisms responsible for the reduced decay rate of P'l-in metal-free reaction centers are discussed.
pigments present, only three have been definitively shown to play a role in the photochemistry of the RC. Two bacteriochlorophyll molecules form a dimer (2) (3) (4) , P (the primary donor), which is rapidly oxidized after absorption of a photon to produce P+ with an electron appearing on a BPh within about 4 ps (5, 6), thus forming the transient state P+BPh-(often denoted P+I-) (7) (8) (9) ). An electron is transferred from BPh-to the primary ubiquinone (QA) with a time constant of about 200 ps at 295 K, yielding the long-lived state P+QA (7) (8) (9) (10) . QA transfers an electron to the secondary quinone QB in -150,s (7) .
The recently determined crystal structure of RCs from Rhodopseudomonas viridis places the Fe2+ =7 A from QA; the line connecting the Fe2+ with P forms an approximate C2 symmetry axis (11) . Although the crystal structure of RCs from R. sphaeroides has not yet been solved, its homology with that of R. viridis has been established (12) . The role of Fe2+ has been investigated by Debus et al. (13) , who found that the rate of subsequent electron transfer from P+Q-to yield P+Q-was affected by only a factor of -2 (slower) in Fe-depleted (metal-free) RCs; reconstitution with Fe2+, Mn2+, Co2+, Ni2+, Cu2+, or Zn2+ restored the "native" "150-,us electron-transfer kinetics from QA to QB. They further reported that the yield of P+Q-formation after a saturating 400-ns flash was significantly reduced [from 102 ± 4% in native RCs (14) ], with a concomitant formation of the triplet state, pR. The 100% yield of P+Q-was also restored by incorporation of any of the above-mentioned divalent metals.
In this work we address the question of the role ofthe metal ion in the primary photochemistry, in particular in the formation and decay of state P+I-after a single turnover light flash. Transient optical spectra and kinetics were obtained with picosecond time resolution on native, Fe-depleted, and Zn-reconstituted RCs. From these and additional kinetic measurements made on a longer time scale, the yields of the different decay pathways of P+I-(to pR, to the ground state, and to P+Q-) were determined. A preliminary account of this work has been given (15) .
MATERIALS AND METHODS
Fe-depleted RCs from R. sphaeroides were prepared as described (13) . Two different preparations of Fe-depleted RCs were used in these studies. Both contained about 15% native (iron-containing) RCs as detected via atomic absorption. One preparation was further treated to remove QB; the other contained two quinones per RC (excess quinone present). Reconstitution of Fe-depleted RCs with Zn2+ was achieved also as described in ref. 13. Picosecond transient absorption measurements were performed as described elsewhere (10) . Excitation flashes at 600 nm and of 30-ps duration were attenuated so that the 865-nm band bleached 50-60% in spectra taken at 35 ps. Samples flowed through a 2-mm-path-length cell and were maintained at 10-15°C. The RCs showed no degradation over the course of the experiments as monitored by ground-state absorption spectra taken before and after measurements.
Longer-time-scale measurements were performed by using 10-ns flashes at 532 nm on an apparatus with a 30-ns response time (16) . The samples were contained in a 1-cm cuvette and flashed once every 15 s. The flashes were attenuated to bleach =50% of the P band in the control samples containing native RCs.
RESULTS
Fe-Depleted RCs. Fig. 1 (Fig. 1B) . In native RCs the 35-ps spectrum is due to P+I-(P+BPh-), and that at 12 ns is due to P+Q- (7) (8) (9) (10) at 285 K this absorption decays with a 205-ps time constant as the electron moves onto QA (10) . The bleaching of the P band at 865 nm is unchanged between these two times, reflecting the 100% yield of P+Q-from P+I-. (For detailed discussions of the absorption changes between 740 and 820 nm, see refs. 7-10.) A comparison of the results of Fig. 1 A and B shows the following differences between spectra taken on native and Fe-depleted RCs. (i) The 35-ps spectrum for the Fe-depleted sample is the same within experimental error as that for the native RCs, indicating that the initial formation of P+I-is not affected by the absence of the Fe2+ atom. (ii) There are differences in the 12-ns spectra, most notably in the partial recovery of the bleaching of the P band at 865 nm in Fig. 1B . The time constant associated with this process is -4.2 ns (see below). Thus, at 12 ns P+I-has largely decayed, and the magnitude of the recovery of bleaching at 865 nm indicates that 28 ± 5% (average result of the two Fe-depleted samples) of the RCs have returned to the ground state from state P+I-. and found to be =4.2 ns (see below) in the Fe-depleted sample. (vi) The 12-ns spectrum for the Fe-depleted sample shows a small residual absorption between 620 and 680 nm that is not seen in the 2-ns (or longer time) spectrum of native RCs. We ascribe this residual absorption to the triplet state, pR, since pR is known to absorb in this region (18) , whereas P+Q-does not (see Fig. 2A ). Further evidence for PR formation is given below.
The lifetime of P1I-(P+BPh-) was measured in the Fe-depleted samples at 665 nm (decay of the BPh-), 545 nm (recovery of the BPh bleaching), and 865 nm (recovery of the bleaching of the P band). Fig. 3 shows a measurement made at 665 nm; the solid line is a computer fit of the data to a constant plus two exponentials. From this fit, we conclude that 85% of the decay occurs with a 4.1 + 0.5-ns time constant, and 15% occurs with a faster, 218 + 21-ps time constant. (All errors quoted are statistical in nature and represent 1 SD.) The initial fast component is due to the residual 15% Fe-containing (native) RCs in the "Fe-depleted" sample (see Materials and Methods). The 218-ps time constant agrees well with that of 205 ps measured at 665 nm in native RCs (10) . Similar results were obtained on the second Fe-depleted RC sample, where the decay time of the slow kinetics at 665 nm was determined to be 4.5 ± 0.5 ns.
The decay times measured at 865 nm and 545 nm in one of the samples were found to be 5.1 ± 1.0 ns and 3.6 ± 0.6 ns, respectively. The measurement at 865 nm is subject to the largest experimental error because of the small overall decay (AA change of only 0.06 in Fig. 1B ) and to the poorer signal-to-noise ratio of our vidicon detector at wavelengths -830 nm. The time constants derived from the fits of the data in all wavelength regions are subject to the uncertainty in the magnitude of the absorption change at the asymptote. (The longest time point we could acquire was at 12 ns, the end of our delay line.) However, the overall agreement of the kinetics in the three wavelength regions and on the two samples is good, and the average P+I-lifetime in Fe-depleted RCs is 4.2 ± 0.3 ns.
As discussed above, after P+I-decays in the Fe-depleted samples, 28% of the RCs returns to the ground state. The transient difference spectra show absorption changes that indicate that the fate of the remaining 72% is a decay both to the triplet state, pR, and to P+Q-. However, because of uncertainties in the exact extinction coefficientsof both of these species, a quantitative determination of the branching ratio could not be obtained from the data of Figs. 1 and 2 . To determine the yields of pR and P+Q-, we performed longertime-scale measurements with 10-ns flashes at 532 nm. Fig.  4 compares the bleaching at 850 nm on the microsecond time scale for Fe-depleted and native RCs. The bleaching of the P band shown for native RCs is due to P+Q-formation; it recovered with a time constant of -1 s (data not shown) as expected for RCs containing two quinones (7, 13) . The Fe-depleted sample showed 30% less initial bleaching compared with native RCs (see amplitude a in Fig. 4) ; the second sample showed 25% less initial bleaching. The reduced magnitude of the initial bleaching is in agreement with the picosecond measurements (Fig. 1B) in which 28% of the RCs were observed to have returned to the ground state after the decay of P+I-. (This agreement suggests that, under our experimental conditions, there is negligible recycling of the Fe-depleted sample during the 10-ns flash.)
The partial recovery of bleaching at 850 nm in the Fedepleted sample (see amplitude b in Fig. 4 ) was filt to a constant plus an exponential, yielding a decay time constant of 24 ;s. The average value obtained from several such measurements on both Fe-depleted samples was 25 + 1 As.
This time constant is similar to those measured for the decay of pR in Q-depleted and Q--containing RCs (18, 19) . Debus et al. (13) have reported a similar 28-ps component in their flash experiments, and they also have detected PR in EPR studies. The bleaching observed at longer times in the Fe-depleted sample (see amplitude c in Fig. 4 ) is ascribed to P+Q-. In the single-quinone-containing sample, this bleaching recovered with a 90 ± 10 ms time constant, in good agreement with the 4100-ms recombination time for decay of PAQA measured previously in QB-depleted native and QBdepleted Fe-depleted RCs (13) .
By comparing the magnitudes of the initial and final bleaching at 850 nm as shown in Fig. 4 Fig. 1A with those in Fig. 1C and in Fig. 2A Fig.  4 (data not shown) .
DISCUSSION
The photochemistry of Fe-depleted RCs, based on the results described in this work, is summarized in the simplified model shown in Fig. 6 . For native and Zn2+-reconstituted RCs, the rate k1Q » kT, ks, resulting in essentially 100% yield ofP+Q-formation. In the absence of a metal ion, the yield drops to -47%. Thus, the metal plays an important role in the electron-transfer process, P+I QA --P'IQA.
The first question we address is, how slow is electron transfer from 1-(BPh-) to QA in Fe-depleted RCs? Referring to Fig. 6 , it is straightforward to calculate a rate given by k1Q Thus, kIQ = [0.47/(4.2 x 10-9 s)] = 1 x 10' s-'. This is slower by a factor of =50 than the 5 x 109 s-1 rate found in Fe-containing RCs. In view of the simplifying assumptions made in Fig. 6 , this reduction factor of 50 should be regarded only as an approximation. In the model we have neglected the detailed spin dynamics of state P+I-. This state is known to undergo spin conversion between singlet and triplet formsa nonstochastic process, which means that it is not characterized by a rate constant (20) . This complicates calculation of ks, kT, and kiQ. Furthermore, we have neglected possible back-reactions from PR, P+Q-, and P+I- (7, 21, 22) and have ignored an additional, postulated pathway by which triplet P+I-can decay (20) (21) (22) . However, it is possible to arrive at a model-independent lower limit for the reduction in rate. The largest possible value of kIQ = (4.2 ns)-1 = 2.4 x 108 s-1, which would occur in the absence of competing decays to the ground state and pR. This is smaller by a factor of =20 than the value observed in native RCs.
What is the mechanism by which the metal ion affects primary photochemistry? The finding that reconstitution of the RCs with diamagnetic Zn2+ essentially restores the native kinetics indicates that the dominant role of the Fe2' atom is not associated with its spin or magnetic field. § We shall consider three possible mechanisms by which the metal may enhance electron transfer from I-(BPh-) to QA: (i) via a structural effect, (ii) via a change ofthe redox potential ofQA, or (iii) via vibronic coupling.
(i) It is possible that a metal is required to preserve structural integrity of the RC. When the metal is absent, QA, for example, may be repositioned such that it is further from I and/or in a less favorable orientation. Assuming a factor of 20 for the reduction in the electron-transfer rate, ignoring the orientation factor, and using kIQ a exp(-P3r) with 1/-1 A (24), we estimate that the distance r between QA and I-must increase =3 A in the absence of a metal ion. How can we reconcile such a movement with the observations that the charge recombination P+Q--. PQA is unaffected and the electron transfer from QA to QB is slowed by only a factor of §A magnetic field effect associated with Fe2+ could explain another finding. In native RCs that are depleted of Q or contain Qi, the yields of pR and ground-state recovery are 15-30% and 70-85%, respectively (7, 20) . All other factors being equal, one might expect to see the same relative partitioning of these two states in our Fe-depleted RCs. Instead we have observed nearly equal yields of pR and ground-state recovery after P+I-decays (Fig. 6) (23) so that the position of QA (associated with the unaffected charge-recombination process) is the same in the two types of RCs.
(ii) Electron transfer from I-to QA in native RCs is thought to be approximately activationless (10, 24, 25) . This requires a delicate balance to exist between the pigment/ protein reorganization energy and the difference in redox energies of the reactants (i.e., these two energies must be nearly equal). It is possible that the redox potential of QA is modified by the electrostatic interaction with the divalent metal ion. In this regard it has been suggested that the presence of the nearby metal ion could be responsible for the difference in redox potentials of quinones in vivo and in vitro (13, 26) . Furthermore, in the absence of a metal, QA appears to become a two-electron acceptor (13, 27) , suggesting that the metal is involved in changing the redox potential of QA.
(iii) Vibronic coupling involving the quinone and the metal could contribute to the reorganization energy via changes in vibrations of the quinone (possibly involving the protein residues hydrogen-bonded to it) or via the metal and its associated ligands as a result of electron transfer. The free-energy change of the P+I APIQA 0.5-0.7 eV (28) . DeVault calculates that vibronic coupling involving the metal could provide a reorganization energy that represents a sizable fraction of this value (29) . Recent experiments suggest that molecular readjustments accompany and/or follow electron-transfer reactions (10, 23, 28) . Thus, our results have shown a significant effect of the metal on the rate of electron transfer from I-to QA (20-to 50-fold) with a concomitant reduction in the yield of formation of P+Q-by a factor of =2. This 50% decrease may be significant for the growth of the organism (e.g., under light-limiting conditions) and may explain the ubiquitous presence of Fe in Fe-quinone complexes in bacterial and photosystem II RCs. Alternatively Fe2+ may be necessary for other reasons besides electron transfer. For example Fe2+ (but perhaps not the diamagnetic Zn2+) may quench deleterious side reactions.
The detailed mechanism for the large reduction in rate following the removal of Fe is at present not clear. It could be due to a loss of structural integrity or to electrostatic effects on the redox or reorganization energy. Further studies to determine the cause of this decreased rate should help to elucidate the mechanism of electron transfer in photosynthe-S1S.
